In this study, the density of states associated with the localization of holes in GaSb/GaAs quantum rings are determined by the energy selective charging of the quantum ring distribution. The authors show, using conventional photocapacitance measurements, that the excess charge accumulated within the type-II nanostructures increases with increasing excitation energies for photon energies above 0.9 eV. Optical excitation between the localized hole states and the conduction band is therefore not limited to the C(k ¼ 0) point, with pseudo-monochromatic light charging all states lying within the photon energy selected. The energy distribution of the quantum ring states could consequently be accurately related from the excitation dependence of the integrated photocapacitance. The resulting band of localized hole states is shown to be well described by a narrow distribution centered 407 meV above the GaAs valence band maximum. 
INTRODUCTION
Low dimensional devices have been intensively studied as a means to improve the conversion efficiency of optical sensors. In particular, the reduced strain associated with quantum rings (QRs) has made it possible to incorporate multiple QR stacks into the junction of a p-i-n solar cell without the formation of extended defects. 1 The associated increase in the short-circuit current is predominantly related to the extended spectral response of the solar cell. In addition to the optical transitions from the GaSb QR to the GaAs conduction band continuum (QR charging), optical hole emission (QR discharging) is also anticipated. Depending on the distribution of the localized hole states within the band gap, the intermediate band nature of the QR states is therefore expected to further improve the conversion efficiency under concentrated excitation. This study therefore sets out to describe the optical charging of the QRs by monitoring the photocapacitance of the solar cell under various excitation conditions.
EXPERIMENTAL DETAILS
The solar cell structure used in this study was deposited using a VG-V80H molecular beam epitaxy reactor. A 3 lm thick GaAs base layer was grown with a doping density of 10 17 cm
À3
, followed by a 400 nm undoped region containing ten GaSb QR stacks separated by 40 nm GaAs spacers. The structure was completed with a 0.5 lm thick p-type emitter and a capped Al 0.8 Ga 0.2 As window layer. A detailed description of the growth procedure and the device structure is given in Ref. 1 . Cross-sectional transmission electron microscopy images showed the rings to have a typical outer and inner diameter of 23 nm and 10 nm, respectively, a thickness of approximately 1.7 nm, and a typical surface density of 10 10 rings/cm 2 . 1 These structures were processed into circular solar cells with a diameter of 1 mm using standard photolithography. The photocapacitance was measured using a pseudo-monochromatic light source and a Boonton 7200 capacitance meter operating at a 1 MHz modulation frequency.
The low temperature measurements were performed in a closed-cycle helium cryostat. Figure 1 compares the low temperature (16 K) photocapacitance-voltage (C-V) curves obtained under different illumination conditions. Although the dark C-V curve is relatively parabolic, the C-V curves obtained under illumination are characterized by two capacitance plateaus (labelled by C I and C II ). The two plateaus indicate two charge states, with C II attributed to an increased charge accumulation within the QRs. Following the approach used by Wang et al.,
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2 the difference in capacitance between the two charge states relates to an excess charge of 6 Â 10 10 holes/cm 2 or almost one hole per quantum ring. The transition voltage from state C II to C I is also found to shift from À4.5 V reverse bias for a photon energy of 1.55 eV (k ¼ 800 nm) up to 1 V forward bias for a photon energy of 885 meV (k ¼ 1400 nm). The photocapacitance associated with the accumulated charge within the QRs is therefore clearly controlled by the photon energy, increasing steadily for excitation energies above approximately 0.9 eV. It should also be pointed out that the C-V curves were independent of the sequence in which they were measured. From this, we concluded that the thermal emission rate was sufficient to return the QRs to equilibrium, following excitation. Furthermore, the C-V curve measured using 1400 nm excitation was found to lie below the C-V curve measured in the dark. A slight decrease (discharging) of the QR charge was therefore observed when using sufficiently low excitation energies. The charge density per unit area in a quantum well has previously been described by Wang et al., 2 with the excess charge given by
where C represents the measured photocapacitance and V is the applied bias. It is therefore clear that illuminating with photon energies near the absorption edge (open squares in Fig. 1 ) produces the greatest accumulation of charge within the space-charge region, with lower energies producing a systematic decrease in excess charge. Illuminating with a pseudo-monochromatic light source with energy, E P , therefore results in the charging of all states within the excitation range of the illumination. The optical transitions are therefore not limited to the C(k ¼ 0) point (as also deduced from a photo-response study described in Ref.
3), with the net charge described in terms of the integrated QR hole state density, N(E), that is
By performing a series of photocapacitance measurements, it would then be possible to obtain the density of states (DOS) at E p using the relation
In other words, in order to determine the density of states from the photocapacitance-voltage profiles, the integrated photocapacitance is required for a number of closely spaced excitation energies, with the accuracy of N(E) limited by the differentiation operation. Figure 2 gives the energy dependence of the integrated photocapacitance depicted in Fig. 1 . The systematic increase in the localized hole charge within the p-i-n diode is characterized by a sharp increase at roughly h ¼ 1.1 eV and a second step at h ¼ 1.35 eV. The localized hole states associated with the increased spacecharge are therefore concentrated around these particular photon energies, with both contributions saturating for excitation energies near the GaAs band gap energy. Also indicated is the integrated capacitance without optical excitation (dashed line). Since the capacitance measurements were performed at 16 K, the thermal emission rate was sufficiently low (relative to the photon flux) for the QR charge to become saturated. However, since the integrated photocapacitance decreases below the dark value for small photon energies (h < 0.9 eV), there also appears to be a certain degree of optical emission (optical discharging) of holes from the quantum ring states. Although a relatively small effect, optical discharging was observed for a variety of GaSb/GaAs solar cells, only dissipating when thermal emission became dominant (temperatures above 150 K).
In order to estimate the density of states from the integrated photocapacitance, a double Boltzmann function (Scurve) was fitted to the measured values and differentiated in terms of the photon energy. This is essentially equivalent to describing the quantum ring states by two Gaussian distributions. Figure 3 shows the distribution of hole states, following differentiation. The DOS is represented by two bands with maxima 188 meV and 407 meV above the valence band maximum (VBM), where we have instead plotted the photon Fig. 2 (solid line) . The open circles represent the normalized hole energy distribution estimated from the 4.2 K PL spectrum (i.e., band gap energy minus transition energy) of the same structure.
energy, E p relative to the GaAs band gap energy. Since the hole localization within the QR is expected to result in a single, discrete state due to the small effective mass of GaSb/GaAs nanostructures, 4 we have ascribed the finite width of the DOS to the inhomogeneous size distribution of the nanostructures. Using the approach described in Ref. 3 , the band-width of the DOS could be related to a particular QR size distribution, leading to a mean QR height of 1.75 nm and a standard deviation of 0.25 nm. Also given is the distribution of hole states estimated from the 4.2 K photoluminescence (PL) of the same structure. The PL spectrum, which was obtained under high excitation conditions, demonstrates a remarkable correlation with the photocapacitance analysis, with the PL associated with the GaSb/GaAs quantum rings nearly perfectly matched to the deeper band of states. Since the secondary PL peak near 200 meV is usually ascribed to the wetting layer (WL) formed during antimony deposition, we have tentatively assigned the second band of states to the two-dimensional confinement within the wetting-layer.
In a separate study, the energy distribution of the localized hole states was related to the extended photo-response associated with the GaSb/GaAs quantum rings.
3 By including optical transitions beyond the C-point, the authors showed that the band of QR hole states has a maximum density of states roughly 390 meV above the VBM. Furthermore, due to the observed nature of absorption in the type-II GaSb/GaAs QRs, the simulated band of hole states could only accurately describe the high energy (increased hole localization) side of the distribution. The photocapacitance measurements therefore complement our previous analysis by accurately quantifying the complete energy distribution of the QR states.
Previous capacitance studies extracted the hole localization energies by monitoring the thermal emission rate from the GaSb/GaAs quantum dots. By performing optical deeplevel transient spectroscopy (DLTS) of quantum dots embedded in a GaAs n þ -p junction, Geller et al. 5, 6 showed that the thermal activation energy increased from roughly 250 meV to 450 meV with decreasing excitation energy, with the optical DLTS signal quenching completely for excitation energies below 0.98 eV. Although our results correlate very well with the energy-selective charging observed by Geller et al., there remains a subtle difference in the interpretation. In this work, we show that charging occurs across an increasing segment of a single band of QR states, whereas the charging of sub-ensembles of dots/rings was previously proposed. The resonant optical charging of a specific charge state (as would be required for optical-multiplexing 5 ) therefore seems to be impractical. Furthermore, the reported decrease in the thermal activation energy with decreasing reverse bias 6-8 is unlikely to be attributed to state-filling, but instead describes the range of localization energies stemming from the size distribution of the GaSb/GaAs quantum structures. In fact, in another DLTS study by Magno et al., 9 the energy distribution was estimated by relating the DLTS peak height to its corresponding activation energy. The result was a distribution that extended up to 550 meV with a maximum near 400 meV. From a comparison of the DLTS reports and our photocapacitance results, we therefore propose that the upper activation energy observed by DLTS does not represent the hole ground state, but instead the maximum localization energy represented within the band of hole states.
In summary, we have determined the energy distribution of holes localized within GaSb/GaAs quantum rings using photocapacitance measurements. In the case of a type-II band structure, we find that optical absorption involves the integrated segment of hole states, lying within the excitation energy used. With this description of the charging process, we were able to show that the inhomogeneous quantum ring characteristics gives rise to a narrow band of hole states, 407 meV above the GaAs valence band maximum.
